We describe novel rifamycin derivatives (new chemical entities [NCEs]) that retain significant activity against a comprehensive collection of Staphylococcus aureus strains that are resistant to rifamycins. This collection of resistant strains contains 21 of the 26 known single-amino-acid alterations in RpoB, the target of rifamycins. Some NCEs also demonstrated a lower frequency of resistance development than rifampin and rifalazil in S. aureus as measured in a resistance emergence test. When assayed for activity against the strongest rifamycin-resistant mutants, several NCEs had MICs of 2 g/ml, in contrast to MICs of rifampin and rifalazil, which were 512 g/ml for the same strains. The properties of these NCEs therefore demonstrate a significant improvement over those of earlier rifamycins, which have been limited primarily to combination therapy due to resistance development, and suggest a potential use of these NCEs for monotherapy in several clinical indications.
Rifamycins, such as rifampin (RIF), rifabutin (RFB), and rifapentine, inhibit bacterial RNA polymerases isolated from a wide variety of microorganisms (4, 8, 9, 10, 21, 37, 38) . This class of drugs has been used in the clinic as one component of multiple drug therapy, predominantly to treat tuberculosis (27) and to treat serious gram-positive infections (15, 32, 48) . More recently, rifalazil (RFZ) [3Ј-hydroxy-5Ј-(4-isobutyl-1-piperazinyl) benzoxazinorifamycin], also known in the literature as KRM-1648 or ABI-1648, was used in phase 2 clinical trials in a multidrug regimen for the treatment of tuberculosis (6, 26) .
Clinically, rifamycins are used mainly in combination therapies because of their propensity to select for resistant mutants when used as single agents (1, 42, 44) . Both in vivo and in vitro, this resistance is caused by mutations in the rpoB gene, which encodes the target of rifamycins, the ␤ subunit of RNA polymerase (7, 14, 18, 27, 45, 47) . The amino acid residues in the RpoB subunit of Thermus aquaticus that interact with RIF have been revealed by X-ray crystallography studies (3) . Single-nucleotide changes in rpoB that result in alterations of the amino acids involved in rifamycin binding (the rifampin resistance-determining region [RRDR] ) are sufficient to confer high-level resistance to these drugs (27) . Resistance-conferring mutants have been well characterized for Mycobacterium tuberculosis and Staphylococcus aureus, among other bacteria (Fig. 1) . The high concentration of drug required to kill such mutants is not achievable at the site of infection, and the result is therapeutic failure. Considering the rifamycin resistance mutation frequency of approximately 10 Ϫ6 to 10 Ϫ9 per cell (16, 24, 29, 41) , clinical resistance development is exacerbated by highbioburden infections.
Rifalazil is unique among rifamycins in that is has good activity against RIF-resistant mutants of Chlamydia spp. Chlamydia trachomatis and Chlamydia pneumoniae mutants that are highly resistant to RIF are susceptible to RFZ (17, 33) . Consistent with this finding, RFZ monotherapy was successful in eradicating C. trachomatis in subjects treated for nongonococcal urethritis in a recent phase 2 human clinical trial (B. Batteiger, W. McCormack, W. Stamm, and the Rifalazil Study Group, Abstr. 44th Intersci. Conf. Antimicrob. Agents Chemother., abstr. L-992b, 2004 ). However, the evaluation of pathogenic clinical isolates of other species, including both M. tuberculosis (19, 26, 44) and S. aureus (40) , indicates that RFZ shares with RIF the loss of activity against strains that have resistance-conferring alterations in the RRDR.
One possible avenue for the broader use of rifamycins as monotherapeutic agents against pathogens other than Chlamydia is the creation of rifamycins with good activity against known rifamycin-resistant mutants of other pathogenic bacteria. This strategy assumes that there are no additional mutable sites in the RpoB protein that would confer high-level resistance to new, more potent rifamycins. This assumption is plausible because the interaction between the ansa chain of rifamycins and the RpoB protein occurs through amino acid residues that are highly conserved in most bacterial species (3, 20) .
In searching for novel rifamycins that overcome resistance to RIF, we chose S. aureus as the test organism, because it is an important and prevalent pathogen for which there is a growing need for improved antibacterial treatments (30) and because both laboratory-derived and clinically derived rifamycin-resis-tant mutants of S. aureus containing mutations in rpoB have been previously described (referenced in the legend for Fig. 1 ).
We have synthesized over 700 novel benzoxazinorifamycins (new chemical entities [NCEs] ) (34, 35, 36) and screened them for antibacterial activity, propensity to elicit resistant mutants, and activity against rifamycin-resistant mutants of S. aureus. NCEs that exhibited diminished resistance development and greatly enhanced activity against rifamycin-resistant strains of S. aureus compared to RFZ and RIF were identified. These novel compounds have the potential to be used in monotherapy more broadly than have other rifamycins.
MATERIALS AND METHODS
Bacterial strains. Wild-type S. aureus strain 8325--4 and mutated derivatives were obtained from Leeds University (I. Chopra) and have been described previously (23) . RIF-resistant and wild-type S. aureus W59532 strains were obtained from Ordway Research Institute, Albany, NY, and characterized as described below. Rifamycin-resistant derivatives of S. aureus ATCC 29213 and S. aureus Smith were isolated and characterized at ActivBiotics, Inc., as outlined below. Strains were stored in 20% glycerol-cation-adjusted Mueller-Hinton II (CAM) broth (Becton Dickinson, Sparks, MD). Isolation of rifamycin-resistant mutants of S. aureus and determination of resistance frequency. Rifamycin-resistant mutants of S. aureus strains ATCC 29213 and Smith were isolated by inoculating 5 ϫ 10 9 bacteria from independent single cultures onto CAM agar plates containing the rifamycin of interest. Rifamycin concentrations of 1 and 0.03 g/ml were used. Plates were incubated at 35°C for 24 h. One resistant mutant per independent culture was purified and subjected to further characterization as outlined below. The total rifamycinresistant and -sensitive colonies per plate were also counted and resistance frequencies calculated.
Antimicrobial susceptibility testing. MICs of compounds were determined by the agar dilution method or the broth microdilution method according to the Clinical and Laboratory Standards Institute (formerly the National Committee for Clinical Laboratory Standards) (22) . For broth microdilution, serial twofold dilutions were carried out in CAM broth in microtiter plates. Subsequent dilutions were mixed four times with a multichannel pipettor, and pipette tips were Resistance emergence test. In order to assess the relative emergence of resistance, a stock seed culture (stored in 20% glycerol-CAM broth at Ϫ80°C) containing 10 8 cells of S. aureus strain ATCC 29213 was used to inoculate 50 ml of CAM broth and grown to an optical density at 600 nm of 1.0. A portion of this culture equivalent to 5 ϫ 10 9 cells was spread on 150-mm CAM agar plates containing either 1 g/ml or 0.3 g/ml of the compound to be tested. Plates were incubated at 35°C for 24 h and resistant colonies counted. NCEs were scored as follows: for 1-g/ml plates, more than 10 colonies per plate scored "0," 1 to 10 colonies per plate scored "1," and no colonies scored "2." Fewer than 10 colonies on the 0.03-g/ml plate scored "3."
Characterization of mutations in the rpoB gene. Total DNA from resistant S. aureus strains was isolated using a QIAamp DNA mini kit (QIAGEN, Valencia, CA) and used as a template for amplification of specific regions of the rpoB gene by PCR. Oligodeoxyribonucleotide primers (Table 1) were used to amplify the DNA encoding amino acid residues 418 to 594 of the RpoB protein. These residues encompass the RRDR of the RpoB protein. For some strains, the DNA segments comprising the entire rpoB coding region were similarly amplified. The resulting amplification products were isolated after gel electrophoresis, purified using a QIAGEN gel extraction kit according to the manufacturer's instructions (QIAGEN, Inc., Valencia, CA), and sequenced at the Tufts Core Sequencing facility (Tufts University, Boston, MA).
RESULTS
Rationale for analysis of rifampin resistance. Although RIF and RFZ possess excellent antibacterial activity against a broad range of bacterial species, they readily elicit highly resistant mutants (19, 26, 40, 44) . We synthesized a library of novel benzoxazinorifamycins (NCEs) related to RFZ with the goal of identifying those with improved activity against rifamycin-resistant bacteria compared with RIF or RFZ. In order to evaluate activity against rifamycin-resistant mutants, two methods were employed. In one, a comprehensive collection of rifamycin-resistant mutants of S. aureus ATCC 29213 was isolated and characterized with respect to rpoB gene sequence. As a part of the process of assembling this otherwise isogenic mutant collection, NCEs, RIF, and RFZ were utilized as selective agents, providing an opportunity to determine whether mutations conferring resistance vary as a function of the selective agent. Once the comprehensive panel of mutants was assembled, the antibacterial activities of NCEs against these mutants were determined. During the process of assembly and characterization of the panel of rifamycin-resistant mutants, we instituted a second, technically simpler method, the resistance emergence test. In this approach, the frequency of emergence of rifamycin-resistant mutants from S. aureus ATCC 29213 cultures was determined directly by inoculating media containing NCEs with 5 ϫ 10 9 CFU of the strain and then enumerating resistant colonies that emerged. A diagrammatic description of the screening flow and numbers of NCEs that were subjected to each method is shown in Fig. 3 .
Comprehensive collection of rifamycin-resistant S. aureus strains. S. aureus ATCC 29213 or Smith isolates were inoculated onto CAM agar plates containing RIF, RFZ, or one of six NCEs at various concentrations as described in Materials and Methods. Resistant strains were isolated, and the nucleotide sequence of their rpoB genes was determined. The results from one representative experiment described in Table 2 show that the mutants obtained from ABI-0043, ABI-0094, and ABI-0299 selections contained mutations identical to mutations derived from RIF or RFZ selections (Table 2 ) and mutations described previously in the literature (see the legend for Fig. 1 for references). This same result was obtained when other NCEs were the selective agents (ABI-306, ABI-418, and ABI-420 [data not shown]). In all, over 200 such independently isolated mutants were characterized by sequence analysis of their RRDRs. As the isolation and analysis of resistant mutants progressed, no additional mutations were identified, suggesting genetic saturation under the conditions used. To augment our own rifamycin-resistant mutant collection with mutants conferring weaker resistance, we added to the panel a series of well-characterized strains derived from S. aureus 8325-4 (23). Finally, we also characterized a set of RIF-resistant mutants of S. aureus W59532 in anticipation of future testing of NCEs in animal models of infection. The latter strain background has been used successfully in such models (A. Louie, FIG. 3 . NCE screening flow. Numbers (#) of NCEs that were screened by the resistance emergence test and that were assayed against the resistant mutant panel are shown. Only 327 of the 654 NCEs that scored "0" in the resistance emergence test were screened against the resistant-mutant panel (*). These NCEs had MICs against wild-type S. aureus ATCC 29213 of Ͻ0.03 g/ml, which warranted further analysis. vs., versus; RIF R , rifampin resistant. (Table 3) . RIF, RFB, and RFZ had identical MICs for wild-type S. aureus 29213. Rifamycin-resistant mutants fell into two classes, those that conferred high-level resistance to RIF (MIC of Ն64 g/ml) and those that conferred moderate to low-level resistance to RIF (MIC of between 0.125 and 16 g/ml) ( Table 3) . For low-level RIF-resistant mutants, the MICs of RFZ were between 4-and 64-fold lower than the MICs of RIF. Despite improved activity against this class of mutants, RFZ did not have better antibacterial activity against strains containing mutations that conferred high-level RIF resistance, except for the strain containing the A477D change (Table 3) . These results are consistent with previously published results (40) . In marked contrast, several RFZ-based NCEs had antibacterial activity that was up to 256-fold better than that of RIF against strongly RIF-resistant mutants (Table  3) . Indeed, for the best NCEs, the maximum MIC observed for any member of the mutant collection was 2 to 4 g/ml (Table  3 ) (see below). In general, particular mutations in different strain backgrounds all had similar susceptibilities to NCEs and rifamycins (within a twofold concentration). The few instances where rpoB mutations conferred four-to eightfold different susceptibilities to different strain backgrounds are denoted in Table 3 as separate MIC data lines. For instance, the A477D alteration imparted fourfold differences in the MICs of ABI-0418 and ABI-0420 depending on the S. aureus strain background.
Analysis of the antibacterial activity of NCEs against lowlevel RIF-resistant mutants uncovered a structure-activity relationship. Pairwise comparison of NCEs that differed only at position 25 of their ansa chains (data not shown) revealed that NCEs containing an O-acetyl group at this position had moderately lower (four-to eightfold) MICs against the low-levelresistant mutants than RFZ. Corresponding NCEs that contained a hydroxyl group at position 25 had roughly the same MIC against these mutants as RFZ.
To facilitate screening of the large number of NCEs in this study, a panel that consisted of representative highly RIFresistant mutants, including alleles that had been previously identified from clinical S. aureus isolates, was assembled (H481Y, Q468K, S486L, and H481D) (1, 41) . Good activity against these mutants correlated well with activity against the other highly RIF-resistant mutants in the complete panel (Table 3). Also included in the screening panel were two strains with D471Y and S464P changes in RpoB that conferred weaker RIF resistance. Of the 431 NCEs assayed for activity against the screening panel, 260 retained good activity, with MICs less than or equal to 8 g/ml for each strain in the panel. Of these, 199 had maximum MICs of 4 g/ml or less against screening panel strains (Fig. 3) .
Resistance emergence analysis. A second approach to identifying NCEs with good antibacterial potency against rifamycin-resistant mutants consisted of subjecting 758 NCEs to a resistance emergence test. S. aureus cells (10 9 ) were applied to agar medium containing either 1 or 0.3 g/ml NCE, as described in Materials and Methods. A score of "0" in this assay indicates similarity to RFZ in terms of capacity to elicit resistant mutants, whereas scores of "1," "2," or "3" indicate progressive improvement in the ability to suppress the emergence of resistant mutants (see Materials and Methods) (Fig. 3) .
Six hundred fifty-four NCEs (86.2%) scored "0" in this test, that is, they were as likely to elicit rifamycin-resistant mutants as RFZ. Forty-six NCEs (6.1%) scored "1," 55 NCEs (7.3%) scored "2," and 3 NCEs (0.4%) scored "3" (Fig. 3) . The 13.4% of total NCEs that scored above "0" therefore represent a class of rifamycins that are less prone to resistance emergence. Of this group, all 3 NCEs that scored "3" and 45 of 55 NCEs that scored "2" had MICs against members of the mutant screening panel of Յ4 g/ml. Of the 46 NCEs that scored "1," 39 had MICs against members of the mutant screening panel of Յ4 g/ml. Thus, the resistance emergence test was a rapid and valid method for identifying NCEs that were potent against rifamycin-resistant strains. The structures of ABI-0418, ABI-0597, and ABI-0720, which scored "3" in the resistance emergence test, are shown in Fig. 2 .
Resistance emergence and its relation to structure at position 25. Analysis of resistance emergence data for all NCEs tested revealed that there was a distinct difference in performance of NCEs that depended on the chemical group at position 25 of the ansa chain. Those NCEs that were O-acetylated at this position scored better for resistance emergence than their hydroxylated counterparts. This phenomenon is most Q468R (1) H481Y (5) H481Y (4) R484C (1) R484H (1) R484H (3) S486L (3) H481Y (3) R484C (1) R484H (2) I527M (1) I527P (1) Q137L (1) ABI-0299 1 3.0 ϫ 10
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Q468K (4) H481Y (5) Contradictions between resistance emergence score and MIC testing against RIF-resistant mutants. Several NCEs that suppressed the emergence of resistant mutants (resistance emergence score of "2") had MICs against resistant mutants in the screening panel that were relatively high. For example, ABI-0299, when present in the agar medium used to assess resistance emergence at 1 g/ml, did not give rise to any resistant colonies. One might assume from this result that the MIC of ABI-0299 for any rifamycin-resistant mutants in our collection would be equal to or lower than 1 g/ml. However, the MIC of ABI-0299 for the most resistant strains in the mutant screening panel was in the 2-to 4-g/ml range (Table 3) . One possible explanation for this discrepancy is that there can be a difference between MICs for NCEs tested by the agar dilution method and MICs for NCEs tested by the broth microdilution method. To determine whether this was the case, five representative NCEs were retested by these two methods (Table 4) . For four of the five NCEs tested, including ABI-0299, MICs for the most resistant mutants in the screening panel were between two-and fourfold lower when tested by the agar dilution method (Table 4 ). This result suggests that NCEs can be more potent in an agar milieu than in broth and explains why some NCEs prevent growth of resistant mutants at 1 g/ml in agar medium.
DISCUSSION
In this study we have identified novel rifamycins that have both the ability to suppress the emergence of rifamycin-resistant mutants and increased activity against mutants resistant to other rifamycins. This advance is important because the NCEs described here have the potential to be used as monotherapeutic agents; historically, rifamycins have been used mainly in the clinic as a part of combination antibiotic therapy due to the problem of resistance development (1, 12, 25, 42, 43) .
We utilized two independent methods for evaluating NCEs for susceptibility to resistance development (Fig. 3) . The resistance emergence assay is a rapid two-plate test that estimates the resistance frequency at fixed high concentrations of NCE (roughly 30-and 500-fold higher than their MICs). We used this method to screen a large number of NCEs and identify those that are improved, compared with RIF, with respect to resistance emergence. When the same NCEs were tested for resistance development at lower concentrations relative to their MICs, i.e., at less than 10ϫ the MICs of NCEs, resistance frequencies were similar to those observed with RIF and RFZ: approximately 10
Ϫ8 per cell per generation (data not shown). The second, more labor-intensive screening method was susceptibility testing using a rifamycin-resistant mutant panel. In order to ensure a complete panel, we performed independent in vitro selections using RIF, RFZ, and six different NCEs as selective agents. It was significant that no new resistant alleles of RpoB were found despite an exhaustive search using the six NCEs as selective agents. Thus, resistance to NCEs is primarily confined to the 19 alleles derived from our selections that were found repeatedly in our analysis and that have been described in previous reports in which rifampin was the selective agent. The fact that virtually all of the published single-nucleotide mutations that confer high rifamycin resistance in clinical isolates were represented (1, 41) (Fig. 1) indicates that our panel was comprehensive and relevant. We also supplemented the collection with nine strains from the Chopra group (23), including two weakly resistant mutants. In the context of our panel, these mutants, containing L466S or D471E changes in RpoB, were in fact the least resistant to rifamycins, with MICs of RIF equal to 0.125 g/ml (Table 3) . Because we did not characterize mutants from selections at low levels of RIF (0.03 g/ml), it is not surprising that we did not isolate these two alleles.
Our screens identified NCEs that fell into two classes: (i) NCEs (n ϭ 199) with activity (MIC of Յ4 g/ml) against rifamycin-resistant S. aureus and (ii) NCEs (n ϭ 104) that suppressed the emergence of rifamycin-resistant S. aureus strains, most of which were also members of the first class. Many members of the first class, however, failed to suppress resistance emergence. The most likely explanation for this failure, given that no new RpoB alleles were identified, is that these NCEs are less active in the agar-based medium used in the resistance emergence assay than NCEs that scored better than RFZ.
A structure-activity relationship emerged from the analysis of NCEs based on the 25 position of the ansa chain. Although there was no clear advantage in activity against wild-type S. aureus for NCEs having an O-acetyl group or hydroxyl moiety at position 25, the NCEs which contained a 25-hydroxyl had 4-to 32-fold less antibacterial activity than their 25-O-acetyl counterparts when assayed against weakly resistant mutants in the panel (MIC of Յ16 g/ml for RIF) ( Table 3 ). This phenomenon was observed for an additional 30 pairs of molecules differing only at position 25 (data not shown). One possible explanation is that NCEs lacking an O-acetyl group at the 25 position have one less binding site in the RRDR and thus are weaker binders that are more susceptible to mutations that lead to normally weak effects for O-acetylated compounds. In fact, X-ray crystallographic data from RIF bound to Thermus aquaticus RNA polymerase define a hydrogen bond between the oxygen portion of the 25-O-acetyl group and a conserved Phe residue within the RRDR which would be lost for 25-hydroxyl NCEs (3). We are currently in the process of testing this hypothesis by determining the 50% inhibitory concentrations of 25-O-acetyl/hydroxyl pairs of NCEs against isolated mutant RNA polymerase. It is curious that NCEs had similar MICs against the strongest resistant mutants (Table 3) , despite the fact that 25-hydroxyl NCEs had higher MICs against the weaker mutant class. This superior performance of the 25-O-acetyl NCEs compared with the 25-hydroxyl NCEs was also apparent when the 34 pairs of NCEs differing only at position 25 were analyzed for resistance emergence. Twenty-eight 25-O-acetyl NCEs had a higher score than their cognate hydroxyl NCEs; only three 25-hydroxyl NCEs had a higher score, and three NCEs had the same score (data not shown). These differences could be negated if hydrolysis of the 25-O-acteylated NCEs occurred readily in vivo to yield 25-hydroxylated NCEs. However, the stability in humans of RFZ (data not shown), a 25-O-acetylated benzoxazinorifamycin, suggests that the in vitro differences described above may be indicative of their in vivo performance.
Operationally, each of the two methods used to identify NCEs with good activity against RIF-resistant S. aureus mutants had advantages. The resistance emergence test was simple and rapid and reliably identified a subset of NCEs with lower MICs against the mutant panel. However, we included susceptibility testing against a panel of resistant strains because (i) it was important to assemble a comprehensive mutant panel using NCEs, in addition to RIF, as selective agents, (ii) the resistance emergence test could select for NCEs specifically having enhanced activity in agar medium compared with that in liquid medium (Table 4) , and (iii) the NCEs (especially 25-hydroxyl NCEs) that have resistance emergence scores of 0 but good MICs (Յ4 g/ml) against rifamycin-resistant mutants may merit further testing, for example, in animal models of infection. In any case, our methods have proved valuable in evaluating NCEs for the very important property of having increased activity against resistant strains, especially because monotherapy in the clinical setting is a goal of our program.
In evaluating the attractive NCEs defined in this study for potential clinical use, additional information provided by measuring efficacy against mutant strains in an in vivo setting would be valuable. To consider using these NCEs successfully as monotherapies, it will be essential to show efficacy against the resistant-mutant subpopulations in addition to simply killing or preventing growth of the wild-type strain.
